The aim of this paper is to examine the effect of pig bone immersion in different levels of cooling water during laser ablation with a Er:YAG laser. The laser worked at 2940 nm wavelength and 10 Hz repetition rate in microseconds pulse duration regime. The bone was immersed in different levels of cooling water in a sample container for preventing carbonization. The bone samples were ablated with fixed deposited energy to investigate at which water level Er:YAG lasers start ablating bone through a layer of water. Results showed that the maximum level of water that laser can pass through to start the ablation nonlinearly depends on pulse energy.
INTRODUCTION
Smart surgical tools are devices that can help surgeons reduce possible medical errors. Reducing medical errors are important [1] . Some of these lethal medical errors can occur during surgery; therefore, developing smart surgical tools that prevent medical errors is necessary. A laserosteotome would be one such smart surgical system that can help surgeons in cutting hard and soft tissues in a safe and efficient manner. Laserosteotomes are applied in the fields of orthopedics, craniomaxillofacial surgery, neurosurgery, otolaryngology, traumatology, and spine surgery. By performing this kind of minimal invasive osteotomies (bone cuts) the duration of hospital stays and rehabilitation is expected to be reduced. In comparison with mechanical tools, it has been proven that laserosteotomes have significant advantages such as non-contact interaction, minimal invasiveness, precise and small cuts based on pre-operative planning, functional cut geometry (smart cuts), accelerated healing, and less trauma [2] [3] [4] . However, without using any cooling agent soon after starting the ablation the bone would start to carbonize and bone healing will be impeded, therefore some kind of cooling system is necessary in combination with laserosteotome. In our current setup, we use an Er:YAG laser because it is one of the best lasers for cutting the bones [2] . The principle of bone ablation with Er:YAG lasers is based on laser energy absorption by water in the bone. So simply immersing the bone in water for cooling will only lead to an evaporation of the surrounding water, but not to cutting of bone. This behavior strongly depends on the wavelength of the laser. Lasers at other wavelengths would allow bone cutting inside water [5] . Moreover, it has been shown that different water cooling conditions of spray systems in Er:YAG laser ablation of hard dental tissues influence ablation efficiency [6] . The aim of this paper is to investigate limitation of water cooling conditions (maximum level of cooling water) that would still allow laser ablation with Er:YAG lasers. Knowing the maximum water level that still allows bone ablation is important for adjusting the diameter of the cooling water droplet in spray systems or the height of water in a running water systems for irrigation in Er:YAG laserosteotomes. 
METHODOLOGY

Bone sample
In this paper, fresh porcine bone parts from the femur of Swiss pigs were used to minimize the post-mortem changes as much as possible. The bones were kept in the deep freezer between the scarification of the animal to the starting day of the experiment. The temperature of the freezer was set to -18° centigrade. Four hours before the starting of the experiment, the bones were moved from freezer to the refrigerator which was set to + 4° centigrade. Soft tissues were removed from the surface of the bones using a surgical scalpel.
Laser
A pulsed Er:YAG (Erbium-doped yttrium aluminium garnet) laser which emits an infrared beam at 2940 nm was used in this experiment. The laser is a flash lamp pumped Er:YAG laser that emits pulses in the microseconds regime. The laser could emit a laser beam with a repetition rate in the range of 10 to 50 Hz. In this paper, the repetition rate was set to 10 Hz. The output pulse energy of the laser was adjustable. Moreover, the pulse duration of the laser was adjustable, but not in an independent manner, as soon as applying any change to the pulse duration, the pulse energy of the laser was changed and vice versa. We selected seven different pulse energies (7 different pulse durations) for the experiment in which the specification can be seen in Table 1 . The pulse energy of the laser was measured using a power meter (ES220C sensor connected to PM100D meter, Thorlabs). Moreover, the pulse duration and repetition rate of the laser were checked using a PbSe fixed gain detector (PDA20H, Thorlabs) connected to a precise scopemeter (Fluke 190-504 ). An IR reflective neutral density filter (NDIR20A, Thorlabs) and an IR band pass filter (FB3000-500, Thorlabs) were used for reducing the power at the detector and filtering the flash pump pollution, respectively, during measurement of the pulse durations and repetition rates.
Optical setup
The laser line was focused on the surface of the bones using an uncoated CaF2 plano-convex lens (WG51050, Thorlabs) with a focal length of +80.0 mm. This focusing system provides a spot size in the order of a couple of hundreds of micrometers at the focal length of the lens. A broadband sapphire window with an anti-reflection coating (WG31050-D, Thorlabs) was put right after the lens to prevent any possible damage to the surface of the lens. The laser line was vertically directed to the surface of the bone from above by placing a gold mirror (ME05-M01, Thorlabs) between the laser head and the focusing lens, while bones were in a cylindrical container with a diameter of 77 mm. Figure 1 . Shows the schematic of the experimental setup. A precise syringe was used to add/remove the water into the container for realizing different heights of water above the bone. The laser pulses were started as soon as the bone was covered with 2 mm of water above the surface. Over time, the water was gradually removed from the container. As soon as an ablation process was initiated (observed) the extraction of water was stopped and the height of the water over the bone was calculated based on the amount of extracted water. In this way, the maximum height of water through which the laser can initiate bone ablation was obtained.
RESULTS
It is clear that the more energy is applied the higher is the ablation efficiency. For example, we measured the ablated volume of the bones with three different energies, 220, 260 and 310 mJ after 5 seconds of laser radiation and ablated volumes were 0.25, 0.38 and 0.61 mm 3 respectively. For these three different energies, 114 mL/min water spray was used as cooling system. The ablated volumes were measured using a microCT (computed tomography, Skyscan) system. The resolution of the CT system was isotropically 18 m. Mainly, this paper is going to answer the question that what is the maximum height of water that laser can pass through to start the ablation process. Figure 2 shows the diagram of different applied energies (in the horizontal axis) vs. height of the water above the bone (in the vertical axis). Each experiment was done three times and each repetition was done on a different bone. The error bar is also depicted in the diagram. As becomes clear in the diagram, the maximum height of the water increases nonlinearly by increasing the energy. A polynomial fit which is visible in the diagram with red color shows nonlinearity of the behavior. 
CONCLUSION
Laser pulses with higher energy leads to a higher ablation efficiency (ablated bone volume per laser pulse). In this experiment, more volume was ablated at higher energy levels, as expected. However, the aim of this paper was not to measure the ablation efficiency. The main aim of this paper was to find the maximum height of water that laser can pass through to start the ablation process. It was observed that the maximum height of the water above the bone increased by increasing the energy in a nonlinear manner. The obtained data is useful to design any kind of irrigation cooling system. The diameter of the droplet of water in spray system or height of water in running water mode can be determined using these results. We observed that without using cooling water, the bone immediately starts to carbonize and therefore some kind of cooling system is necessary for any laserosteotome. It could be observed that the maximum height of the water above the bone to start the ablation process is in the order of 1 mm. This low height of water is not enough to cover/fill the spot again with water after the first couple of laser pulses. The reasons seem to be that the generated air pressure close to the spot point of the ablation expels water; also, the bone surface is hydrophobe and prevents water from entering the ablation spot. Therefore, the irrigation system should be either realized in form of a running water or a spray system. The obtained laser-water interaction result of this paper can help to design any different cooling systems for Er:YAG laserosteotomes.
